Comparison of single-photon and two-photon absorption in MAPbBr3 single crystals
In single-photon pumping, the absorption is governed by the well-known Lambert-Beer law. Thus the photoexcited carrier distribution is
Here, I is the intensity of the incident light beam propagating along the z-axis, x is the distance from the crystal surface, and α is the one-photon absorption coefficient.
In two-photon excitation, the absorption is proportional to a quadratic function of the laser intensity;
where linear absorption is ignored, the penetration of the excitation is (43)
In this expression, I is the intensity of the incident light beam propagating along the x-axis, and  is the two-photon absorption coefficient. Thus the photocarrier distribution at t = 0 is 
Surface recombination velocity in single crystals
In order to extract the surface recombination velocity from the time-resolved PL, we used a simple one-dimensional diffusion model to describe the spatial and temporal behavior of the photogenerated carriers. The evolution of the carrier concentration n(x, t) is assumed to be governed by the diffusion
and boundary conditions
The initial carrier distribution deposited by pulse laser is given by
where x is the distance from the surface, t is the delay time, D is the ambipolar diffusion constant, and  is the absorption coefficient at the excitation wavelength.
A Fourier integral is a solution of equation (4) ( , ) = e
where
The effective lifetime can be determined by solving the continuity equation for the carrier concentration profile, leading to the following expression (31)
Numerical Simulation of Photocarrier Distribution and PL Spectrum
The photocarrier distribution in a single crystal is calculated by the carrier diffusion equation above.
D is the diffusion coefficient and is related to the photocarrier mobility . According to the Einstein relation, D = kT/q. In the calculation S = 4cm/s is used. The initial photocarrier distribution is ( ) = 0 exp (− ).
The normalized, time-dependent PL intensity from the crystal is written in terms of an integral (45) 
where n(x,t) is the photocarrier distribution at time t and is the absorption coefficient at wavelength .
